amino acids can be used to estimate the isoelectric point of lysozyme and its fragments, by only replacing (1+Δn/n T ) with (M+Δn)/n T . For lysozyme, the results of smaller fragments can estimate that of the whole protein with 1-13% errors.
Introduction
During the simulation of pH at the pI isoelectric point of n = 21 amino acids, indices D and this term is trivial, as it is nothing other than (1 + Δn/n T ) [6] . Now as the best description is given by a relation consisting of only this term, this means that molecular connectivity indices are not needed to simulate this property. Let us resort to a deeper trial-and-error search, discovering the following notat-all trivial term
The modelling power of this dominant term is remarkable: Q = 3.41, F = 693, r = 0.987, s = 0. The generation and decomposition of amino-acid and peptide radicals are processes of great biological importance, due to their connection to the oxidative damage caused by ionizating radiation or oxidizing agents [7, 8] . Moreover, several experimental studies showed that amino-acid and peptide radical cations can be generated by the electrospray technique and peptide cationization using Cu 2+ [9] . The mass spectra obtained in these cases are rich and differ considerably from those of protonated systems, which can provide useful information in peptide sequencing. In order to shed some light on the properties of amino-acid and peptide radical cations, the group of Sodupe performed quantum chemical calculations on nine amino acids and the smallest N-glycylglycine peptide [10, 11] . They discussed the influence of intramolecular hydrogen bonds and amino-acid side chain on the localization of the electron hole upon oxidation and subsequent fragmentation process. They showed that for systems involving aromatic amino acids, oxidation is mainly produced at the side chain, whereas for non-aromatic ones oxidation is produced either at the basic NH 2 or CO groups, the nature of the electron hole depending on the existent intramolecular hydrogen bonds. In earlier publications, topological charge-transfer (CT) indices were applied to the calculation of the molecular dipole moment of hydrocarbons [12] , valence-isoelectronic series of benzene, styrene [13, 14] and cyclopentadiene [15] , as well as phenyl alcohols [16] and 4-alkylanilines [17] . In the present report, the valence CT indices have been applied to the calculation of pH at the pI isoelectric point of 21 amino acids. Section 2 presents the CT indices and their generalization for heteroatoms. Section 3 presents and discusses the calculation results. Section 4 summarizes the conclusions.
Results and Discussion
The molecular CT indices G k , J k , G k V and J k V (with k < 6) are reported in Table 1 The calculated and experimental isoelectric points pI for the 21 amino acids are listed in Table   2 . The pI isoelectric points (calculated with Equation 10) for the 21 amino acids are also included in Table 2 . For Equation (10) The variation of the pI isoelectric point as a function of (1+Δn/n T ) for the 21 amino acids (cf. and AEV decreases by 95%. However, the model is inadequate for proteins because G 4 V increases with n A and n B .
The pI isoelectric points (calculated with Equation 14) for the 21 amino acids are also included in Table 2 . For Equation (14) the absolute relative error decreases to 4%. The pI isoelectric points (calculated with Equation 14 and experimental) for the 21 amino acids are displayed in Figure 1b . For Equation (14) the error is reduced for most amino acids; in particular for His and Lys the error decreases to 0.6 units.
The molecular CT indices are collected in Table 3 for lysozyme, five fragments of its tertiary structure and its binding site. In general, the CT indices do not distinguish α-helices, 3.0 10 -helix, β-sheet and binding site. In particular both J k and J k V indices for the whole molecule are similar to those for the α-helices and, specially, for α-helix D. Table 3 . Values of G k and J k charge-transfer indices up to fifth order for lysozyme and its fragments. The pI isoelectric points for lysozyme and its fragments not included in the fit are calculated by a modification of Equation (10):
where M is the number of amino-acid residues in the protein or fragment. The choice seems sensible as pI values are strongly dependent on the type of side-chain functional groups.
The pI isoelectric points (calculated and experimental) for lysozyme and its fragments not included in the fit are reported in Table 4 . The calculation result for α-helix A (M = 11 residues) is an estimate for that of the whole lysozyme (M = 129 residues) with a relative error of 13%. Furthermore, the inclusion of the other two α-helices (A+B+D, M = 31 residues) reduces the error to 1%. The variation of the pI isoelectric point for lysozyme (experiment) and its fragments (calculation) as a function of (N+Δn)/n T (Figure 2) shows that some fragments appear superposed.
Both lysozyme and its fragments lie in the fitting line obtained for the amino acids.
Experimental Procedures
The most important matrices that delineate the labelled chemical graph are the adjacency (A) [18] and distance (D) matrices, wherein D ij = ij if i = j, "0" otherwise; ij is the shortest edge count between vertices i and j [19] . In A, A ij = 1 if vertices i and j are adjacent, "0" otherwise. The D [-2] matrix is that whose elements are the squares of the reciprocal distances 
where N is the number of vertices in the graph, D ij are the entries of the D matrix, as well as δ is the Kronecker δ function being δ = 1 for i = j and δ = 0 for i ≠ j. The G k represent the sum of all the C ij terms, for every pair of vertices i and j at topological distance k. Other topological CT index, J k , is defined as:
The index represents the mean value of CT for each edge, since the number of edges for acyclic compounds is N -1.
When heteroatoms are present, some way of discriminating atoms of different kinds needs to be considered [21] . In valence CT-index terms, the presence of each heteroatom is taken into account by introducing its electronegativity in the corresponding entry of the main diagonal of the adjacency matrix A. For each heteroatom X its entry A ii is redefined as: The enzyme protein lysozyme (129 amino-acid residues, molecular weight 14307g·mol -1 ) has been taken from the Protein Data Bank code 2LYM. The charge on lysozyme is +12.0e at pH 4.0, +8.0e at pH 7.0, +4.0e at pH 10.0 and decreases rapidly as the isoelectronic point at pH 11.35 is approached [22] .
From the present results and discussion the following conclusions can be drawn.
1. The inclusion of heteroatoms in the π-electron system was beneficial for the description of the isoelecric point, owing to either the role of the additional p orbitals provided by the heteroatom or the role of steric factors in the π-electron conjugation. 3. The fitting line obtained for the 21 amino acids can be used to estimate the isoelectric point of lysozyme and its fragments, by only replacing (1+Δn/n T ) with (M+Δn)/n T .
4. For lysozyme, the results of smaller fragments can estimate that of the whole protein with 1-13% errors. An extension of the present study to other enzymes and proteins would give an insight into a possible generality of these conclusions, because most globular, water-soluble proteins are ionic, e.g., lysozyme (charge +8.0e) and bovine serum albumin (anionic) at pH 7.0. The present study may be also of interest in charge-migration peptide studies.
Work is in progress on the further elucidation of the value of Δn in the fractional indices for a better definition of indices, which are highly dependent on side-chain functional groups.
